Background/Aims: The mechanism, by which vitamin D influences inflammatory biomarkers in type 2 diabetes mellitus (T2DM), is not very well known. Thus, a meta-analysis of randomized controlled trials was conducted to assess the effect of vitamin D supplementation on some inflammatory biomarkers in T2DM subjects. Methods: We searched randomized controlled trials from PubMed and the Cochrane Library in October 2017 and conducted a meta-analysis to evaluate the effectiveness of vitamin D supplementation on high-sensitivity C-reactive protein (hs-CRP), tumor necrosis factor-alpha (TNF-α) and interleukin-6 (IL-6). Either a fixedeffects or a random-effects model was used to calculate pooled effects. Results: We identified 13 studies that met our inclusion criteria. The results indicated that the vitamin D supplementation significant decreased the hs-CRP level by 0.45 μg/mL, whereas the vitamin D supplementation did not influence the TNF-α and IL-6. Subgroup analysis showed that vitamin D significantly lowered hs-CRP by 0.34 μg/mL among trials with a daily vitamin D dose ≤4,000 IU and by 0.31 μg/mL among trials with time of vitamin D supplementation > 12 weeks. Conclusions: Vitamin D supplementation is beneficial for the reduction of hs-CRP inT2DM subjects but does not have a significant influence on TNF-α and IL-6 in T2DM subjects.
Introduction
The prevalence of diabetes has been increasing throughout the world over recent decades and the trend is set to continue. According to the World Health Organization, there were approximately 415 million people with diabetes in the world, which could rise to 642 million by 2040 [1] . Type 2 diabetes mellitus (T2DM) is a chronic, progressive metabolic disease characterized by persistent hyperglycemia that is accompanied by chronic inflammation [2] . A growing body of evidence has suggested that high concentrations of circulating inflammatory biomarkers, such as interleukin-6 (IL-6), tumor necrosis factor-alpha (TNF-α) and high-sensitivity C-reactive protein (hs-CRP), might play a critical role in the development of T2DM [3] [4] [5] .
It has been reported that vitamin D could play a key role in immune activation and inflammation [6, 7] . Moreover, vitamin D can prevent the destruction of pancreatic betacells and reduce the incidence of diabetes mellitus, possibly secondary to inhibition of proinflammatory cytokines [8] [9] [10] . Higher concentrations of proinflammatory cytokines (such as IL-6, TNF-α) and hs-CRP have been noted especially in subjects with low concentrations of vitamin D [11] [12] [13] . Vitamin D deficiency is now regarded as a potential risk factor for T2DM. A 5-year follow-up study of the Asian population has found that the incidence of type 2 diabetes in the vitamin D deficiency group was much higher than that in the vitamin D insufficiency group and vitamin D sufficient group [14] . We hypothesized that vitamin D might be involved in the pathogenesis of systemic inflammation that contributed to the development of T2DM. Some studies highlight the potential role of adipokines (IL-6, TNF-α, leptin and adiponectin) as a major link between vitamin D status and T2DM [15] . Moreover, some studies suggest that the supplementation with vitamin D could decrease proinflammatory markers concentrations [16] . However, the mechanism by which vitamin D influences inflammatory biomarkers in T2DM is not very well known. Therefore, we conducted a meta-analysis of randomized controlled trials (RCTs) to examine whether or not the supplementation of vitamin D exhibits anti-inflammatory benefits in T2DM subjects.
Methods

Literature Search
In the period from June 2017 to October 2017, we conducted a systematic search of publications written in the English language using: PubMed (Medline), Scopus, Web of Knowledge, the Cochrane Library and Embase data-bases. Through this process, we identified publications describing the effect of vitamin D supplementation on plasma or serum concentrations of pro-inflammatory cytokines and hs-CRP in T2DM subjects. The extraction was restricted to RCTs. There was no limitation based on the date of study publications. The following index terms were used: "vitamin D" OR "vitamin D 2 " OR "vitamin D 3 " OR "cholecalciferol" OR "ergocalciferol" OR "calcitriol" OR "alfacalcidol" OR "paricalcitol" OR "doxercalciferol" OR "vitamin D analogues" OR "25-hydroxyvitamin D 2 " OR "25-hydroxyvitamin D 3 (25[OH]D 3 )" OR "hydroxycholecalciferol" OR "dihydrotachysterol" AND "type 2 diabetes" OR "prediabetes" AND "supplementation" AND "adipokine" OR "cytokine" OR "inflammation" OR "high-sensitivity C-reactive protein" OR "tumor necrosis factor" OR "interleukin". Reference lists and related records were manually reviewed.
Study Selection
The criteria for inclusion were as follows: intervention studies (RCTs, double-blind RCTs [DB-RCTs]), English-language articles, studies conducted in male and female T2DM subjects with vitamin D supplementation. Vitamin D could had been administered as a cholecalciferol (vitamin D 3 ) or an ergocalciferol (vitamin D 2 ), as well as an active form of vitamin D (1α-hydroxyvitamin D and 1,25-dihydroxyvitamin D [1,25(OH) 2 D]). All routes of administration (oral and intramuscular) were considered. The studies that combined vitamin D supplementation with calcium supplementation or additional dietary recommendations (including healthy eating, energy restriction diet, and physical activity) were also enabled. Finally, we analyzed the common inflammatory markers that most studies have measured in clinical practice.
The exclusion criteria comprised the following: studies performed in specific groups of patients (e.g., subjects with vitamin D abnormalities, that is, hyperparathyroidism; subjects suffering from hepatic disease or kidney disease; subjects with pregnancy), conference publications, and articles available only in the abstract form.
Data Extraction and Quality Assessment
The data extraction was performed independently by 2 investigators based upon the exclusion and inclusion criteria (Y.Y. and M.Z.). Discrepancies were resolved by discussion. The following data were extracted from eligible articles: the first author's name, publication year, country of origin, design details, number of participants, analyzed groups, participants with supplemental vitamin D, level of 25(OH) D 3 , level of fasting blood glucose (FBG), homeostasis model assessment-insulin resistant (HOMA-IR), and IL-6, TNF-α, hs-CRP level. Publications were assessed according to the titles, abstracts, and full texts in subsequent stages. Doubts were resolved by reviewers by consensus. Each selected publication was studied critically. The Jadad scale was used to assess the study quality. The full score was 5, and a high-quality study was defined by a threshold of ≥3 points [17] .
Data Synthesis and Analysis
The changes in inflammatory levels in both intervention and control groups were calculated as the mean difference between the end and the baseline. If SDs of these changes were not provided directly, then standard errors, median and quartiles were converted to SDs [18] . The homogeneity across studies was tested using Cochran's Q test and quantified by the I 2 statistic, which represented the percentage of heterogeneity that could be attributed to the variation across studies [19] . In the presence of significant heterogeneity (p < 0.1, I 2 > 25%), a random-effects model was used to calculate the pooled effect size; otherwise, a fixed-effects model was applied [20] . The subgroup analyses were conducted to explore the possible sources of heterogeneity. The sensitivity analysis was recalculated to investigate its influence on the overall effect size. Funnel plots were applied to assess the publication bias of this meta-analysis DOI: 10.1159/000490358 [21] . The results of the meta-analysis were visualized using a forest plot which illustrated the results of the individual studies and the summary effect. All of the data were analyzed by REVMAN 5.3 version. p value < 0.05 was considered significant unless otherwise specified.
Results
Search Results
A total of 139 articles were found in our initial search and 88 were excluded by screening titles. After full-text review of using the Jadad scale, 6 articles with the threshold of < 3 points were excluded. In addition, 32 articles were excluded in this meta-analysis if they: (1) subjects without control group; (2) subjects not involved T2DM; (3) subjects without vitamin D supplementation; (4) no associated inflammatory biomarkers; (5) no available data. Finally, a total of 13 RCTs were selected for the analysis. A flow diagram showing the selection process was presented in Figure 1 .
Study Characteristic
The characteristics of the included trials were presented in Table 1 . Thirteen trials [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] were published from 2012 to 2016, in which 7 were conducted in Iran [23, 24, 28, 29, 31, 33, 34] , one was conducted in Singapore [30] , Australia [27] , America [32] , Israel [22] , UAE [26] , and Finland [25] . The sample size varied from 20 [32] to 118 [28] , with a total of 875 participants. Twelve trials were double blind [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] and one trial was single blind [34] . All of the trials had a parallel design and participants received capsules, pills, tablets, or a specially fortified yogurt drink. The duration of intervention lasted 8 [28] to 52 weeks [22] with a median of 12 weeks. The vitamin D dose was ranging from 20 IU/day [33] to 50,000 IU/week [28] . The vitamin D supplementation was used once a week in 2 studies [23, 28] . The vitamin D supplementation combined with other supplements for intervention in 4 studies [24, [27] [28] 34] (Table 1) .
Effect of Vitamin D Supplementation on 25(OH) D 3 , FBG and HOMA-IR
The baseline concentration of 25(OH) D 3 suggested that vitamin D deficiency or insufficiency were common in the analyzed population. Compared with the baseline, vitamin D supplementation could increase the concentrations of 25(OH) D 3 in almost each of the intervention groups at the end of the trials achieving the mean levels between 17.6 ng/mL [22] and 95 ng/mL [27] (Table 2) . There was no significant difference in FBG in the vitamin Characteristics of randomized controlled trials included in this meta-analysis Dalan et al. [30] D intervention group between the baseline and the end of the trials (Table 2) . Moreover, there were 3 trials that showed that vitamin D supplementation have a significant reduction of HOMA-IR compared with the baseline (Table 2) .
Effect of Vitamin D Supplementation on hs-CRP, TNF-α, and IL-6
Changes in hs-CRP concentration after vitamin D supplementation were assessed in eleven studies. Two out of the eleven RCTs reported reduced circulating hs-CRP concentration after the vitamin D supplementation [23, 24] (Table 2 ). Since there was evidence of heterogeneity (p < 0.00001, I 2 = 78%), the random-effect model was applied. The vitamin D supplementation had a significant effect on hs-CRP concentration (standard mean differences, -0.45 [95% CI -0.77 to -0.14], p = 0.005; Fig. 2a ). This result indicated that supplemental vitamin D significantly decreased the circulating hs-CRP concentration.
In 6 publications, the effect of vitamin D supplementation on TNF-α concentration was assessed. After the intervention period, the mean TNF-α concentration decreased in 6 included studies, but an opposite trend was noted in the control group in 4 studies [25, 27, 28, 34] , other 2 studies [29, 32] had similar trends in the control group. Nevertheless, only in 2 studies, the changes of TNF-α between the intervention group and the control group in the end of the intervention was statistically significant [28, 29] (Table 2 ). The random-effect model was used because of the evidence of heterogeneity (p < 0.00001, I 2 = 91%). The result showed no significant effect of vitamin D supplementation on plasma TNF-α concentration (standard mean differences, -0.75 [95% CI -1.50 to 0.01], p = 0.005; Fig. 2b ) compared with that of the control group.
The effect of vitamin D supplementation on plasma IL-6 concentration was evaluated in 5 studies. After the intervention period, the mean concentration of IL-6 decreased in subjects who received vitamin D supplementation in 3 selected studies [28, 33, 34] and unchanged in 2 studies. Moreover, only one study showed significant differences, and there was no statistical difference in other studies (Table 2) . Considering the evidence of heterogeneity (p < 0.00001, I 2 = 94%), the random-effects model was applied. The result did not show any significant effect of vitamin D supplementation on plasma concentration of IL-6 (standard mean differences, -0. 
Sensitivity Analysis
Because of the high heterogeneity in hs-CRP, TNF-α, and IL-6 status, simple sensitivity analyses were counted by examining the impact of a single trial on the poled effect. In the sensitivity analyses, omitting the trial by Tabesh et al. [28] resulted in a reduction of 1.64 μg/mL (95% CI -2.06 to -1.22) in hs-CRP status, there was a significant effect on hs-CRP levels in the overall effect (standard mean differences, -0.31 [95% CI -0.49 to -0.13], p = 0.0006). Meanwhile, the trial by Tabesh et al. [28] also resulted in a reduction of 2.12 pg/mL (95% CI -2.57 to -1.66) in IL-6 status, and there was no significant difference in the overall results Total (95% CI) Heterogeneity: Tau (standard mean differences, -0.06 [95% CI -0.39 to 0.27], p = 0.71). None of the other trials could substantially influence the overall effect. Of note, when the trial of Tabesh was removed, improved heterogeneity across the studies (p = 0.24, I 2 = 22%; p = 0.15, I 2 = 43%, respectively) was observed, suggesting that this trial was the main source of heterogeneity in hs-CRP and IL-6 status. In addition, we found a trial by Ghavamzadeh et al. [29] resulted in a reduction of 3.22 pg/mL (95% CI -4.07 to -2.37) in TNF-α status; the overall effect has no significant difference (standard mean differences, -0.34 [95% CI -0.85 to 0.16], p = 0.19). However, when the trial of Ghavamzadeh et al. [29] was removed, evidence of heterogeneity (p = 0.0007, I 2 = 79%) was observed, suggesting that the trial was only a small part of the heterogeneity, there may be other factor was the main source of heterogeneity in TNF-α status.
Experimental
Subgroup Analysis
Evidence of heterogeneity was also observed within subgroups (Table 3) 
Publication Bias
The funnel plot was used to show the evidence of publication bias in hs-CRP, TNF-α, and IL-6 and the effects were plotted against their standard error in the funnel plot (Fig. 3) . According to funnel plot, the publication bias was observed in these selected inflammatory biomarkers.
Discussion
Our primary result showed that supplementation with vitamin D was beneficial for the reduction of circulating hs-CRP but did not have a significant influence on TNF-α and IL-6 in the T2DM subjects. Recently, it has been shown that there is a relationship of supplementation with vitamin D and glycemic control in adults [35] . In our analysis, we have focused on the common evaluated inflammatory biomarkers that might help to describe the relationship between vitamin D and T2DM. Our findings for reducing circulating hs-CRP by vitamin D supplementation are biologically plausible. Studies have suggested that there was a cross relationship between the inflammatory signaling pathway and the insulin receptor posterior signaling pathway [36] . The low level of chronic inflammatory response induced by nuclear factor kappa B pathway (NF-κB) and the inhibitor kinase interference of insulin signaling pathway are important pathogenesis of T2DM. Another mechanism related to vitamin D and hs-CRP may involve the NF-κB-dependent transcriptional activation. The NF-κB activation participates in endogenous hs-CRP induction and activated NF-κB may enhance the effects of activator of transcription-3 (STAT3) [37] . The STAT3 signaling is downregulated by 25(OH) D 3 [38] . Thus, vitamin D supplementation could reduce the hs-CRP in T2DM patients by NF-κB and STAT3 signaling.
The findings of this meta-analysis did not show any statistically significant impact of vitamin D supplementation on TNF-α and IL-6. Both TNF-α and IL-6 have been considered biomarkers of systemic inflammation [39, 40] . The vitamin D supplementation on circulating biomarkers (TNF-α, IL-6) in T2DM patients were reported to be decreased in the clinical studies [28, 29] . Vitamin D 3 could inhibit NF-κB activity by increasing IκB expression and was also found to suppress the production of TNF-α [41] . However, data from the human studies seemed to be inconsistent. Zittermann et al. [42] supported the idea that the high concentration of 25(OH) D 3 seemed to be necessary to maintain adequate concentration of calcitriol, which could also be suppressed by TNF-α. Whereas, Beilfuss et al. [43] observed that there was no influence on TNF-α after 52 weeks of vitamin D supplementation, which was consistent with our findings. Vitro studies showed that the vitamin D might inhibit the production of IL-6 [44] [45] [46] and the vitamin D could be directed against IL-6 to reduce the incidence of T2DM [47] . Unfortunately, within this analysis, we did not find evidence of changes in TNF-α and IL-6 concentrations in T2DM subjects that could strongly support the merit of vitamin D supplementation. Subgroup analysis results indicated the daily vitamin D supplementation dosage and intervention time could influence the hs-CRP changes. Food and Nutrition Board, Institute of Medicine considered that the upper level for vitamin D among people who are older than 9 years of age is 4,000 IU/day. Our results have found that the hs-CRP in T2DM patients with vitamin D dosage ≤4,000 IU/day reduced compared with the vitamin D > 4,000 IU/day. But so far, no studies have determined a more appropriate dose of vitamin D supplements on hs-CRP. Therefore, more clinical study and animal experiments will be conducted to verify the appropriate vitamin D dosage to produce measurable biological effects on hs-CRP in humans. Moreover, in the subgroup analysis, there were no significant effects on TNF-α and IL-6 status. It might be due to the fact that few RCTs of vitamin D supplementation and TNF-α and IL-6 and the data were insufficient. Therefore, more RCTs will be conducted to analyze the relationship between vitamin D supplementation and TNF-α and IL-6 in subjects with T2DM.
There were additional other limitations existing in this meta-analysis. Heterogeneity was the primary one across studies that made our findings complicated to interpret. This was not strange, taking into account the difference in study designs, the dose of supplied vitamin D, and the intervention duration of the supplementation. However, sensitivity analyses and subgroup analyses in our study did not show that the supplemental dose of vitamin D and intervention duration together were the potential factors influencing the pooled effect. We could not exclude other possible unmeasured confounders in this meta-analysis. In addition, the median and quartiles in some trials were converted into mean and their SDs for meta-analysis. The calculation for skewed distribution virtually reduced the precision. Finally, almost all of the trials were not designed to measure selected inflammatory biomarker level as a primary outcome.
Conclusion
In conclusion, our findings indicated the significantly favorable effect of vitamin D supplementation on the circulating hs-CRP concentration but no effect on the TNF-α and IL-6 concentration. However, the results should be interpreted with caution because of the evidence of heterogeneity. RCTs with long-term follow-up should be applied for future investigations to determine the effect of supplemental vitamin D on the inflammatory biomarkers in T2DM subjects.
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